Abstract-Transmission systems have a critical role in wellfunctioning of liberalised electricity markets. Diversity in generation portfolio and improving system reliability are the main incentives for significant cross-border trades between Transmission System Operators (TSOs) in Europe. Nowadays, two ways are discussed for investment in additional transmission capacity by multiple TSOs: (1) Cooperative approach and (2) non-cooperative approache. In cooperative planning, the governing body looks for the highest overall social welfare while in non-cooperative approach, each TSO decides on his own transmission system based on his social welfare. The problem is that the outcome of these two approaches might be different. Each TSO tries to maximise his own social welfare and they are reluctant to act in a joint solution where they are losing some of their social welfare. In the context, they prefer to act strategically in order to maximise their social welfare. This paper evaluates the joint and disjoint solutions of the multi-national transmission planning. We propose a simultaneous-move game between the involved TSOs. The game is formulated as a one-shot mixedinteger linear programming problem. Then the joint solution is developed by merging all TSOs in one TSO responsible for transmission planning in all TSOs' regions. The joint solution is formulated as a mixed-integer linear programming and used as the benchmark in our studies.
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I. INTRODUCTION
In liberalised electricity markets, transmission system operators (TSOs) were formed to provide access for all market participants for trading electrical energy and operate the system within an acceptable reliability level. However, transmission grids have limited transmission capacity. TSOs continuously plan for their future transmission capacity in order to keep the electricity network and electricity markets well-functioning. Transmission planning is one of the responsibilities of TSOs and it is the problem of finding best technology to invest in, best time for investment, and best location for investment. In vertically-integrated electricity industry, the transmission planning problem can be formulated as an optimisation problem. The transmission planner minimises the investment costs subject to a set of technical constraints. In the liberalised electricity markets, the optimisation problem is modified by adding the social welfare to the objective function of the transmission planning problem, [1] [2] [3] [4] [5] . Each transmission system operator maximises the social welfare of his electricity network. Crossborder trading is a current and ongoing issue in different active markets in Europe. TSOs have found out that there is an opportunity in cross-border trades originated by diversity of generating capacities and complementary generation sources located in different places. Diversity of generating capacities means it might happen that a region with low generating capacity is adjacent to a region with high generating capacity. Also, difference between peak load days in these areas make a good opportunity for generating units to participate in markets of each other. Realisation of this benefits is limited by the capacity of transmission grids. An economically efficient trading between different multi-national markets needs more multi-national transmission planning.
There are few papers in the literature which deal with the multi-national transmission planning.
The problem of multi-national transmission planning can be tackled in two ways: (1) cooperative or joint approach, and (2) non-cooperative or disjoint approach.
In cooperative planning, the governing body looks for the highest overall social welfare while in non-cooperative approach, each TSO decides on his own transmission system based on his social welfare which results to a set of transmission investments solutions for each TSO. The problems with the cooperative approach is twofold: (1) It is less likely to happen, and (2) Sharing of the transmission investment cost is difficult. But this approach leads to the highest social welfare.
There are some publications about the allocation cost of cooperative transmission expansion planning [6, 7] . They determine loosers and winners of the cooperative transmission plan and try to share the transmission investment cost accordingly. However, even if winners of cooperative plan are willing to contribute in the investment cost in the area hosting the infrastructure, the hosting area still can block the investment by for example interference in the permitting process. Thus, the compensation mechanism should be designed as a regulatory framework for the usage of the transmission corridor.
The non-cooperative approach is most likely to happen but it results in less social welfare. The non-cooperating transmission planning and its comparison with cooperative transmission planning have not been addressed extensively in literature. In [8] , a game between transmission investors is considered, with the assumption of privately owned TSOs. It does not evaluate the difference between the cooperative and non-cooperative approaches. Reference [9] compares these two approaches and concludes that they result to different optimum investment capacities but its variables are continuous which is not the case in transmission expansion planning formulation.
The remainder of the paper is organized as follows. Firstly, mathematical models for both the cooperative and non-cooperative approach are presented in sections II. Then, the models are tested on two examples and the results are compared between the two approaches in section III. Section IV concludes the paper.
II. MATHEMATICAL FORMULATION
The mathematical formulation of transmission expansion planning problem is developed in this section. The objective function of the problem is to maximize the social welfare which is the difference between benefits and investment costs.
Social welfare maximization can be considered as the social cost minimization, the objective function is composed of three terms: (1) investment cost (IC) (2) fuel cost (FC) and (3) load curtailment cost (LCC). For effective modeling of the investment cost in the planning horizon, it is replaced with the correlated annual equivalent value as stated in (2) . The decision variable of a new line (u) is 1 if it is planned to be invested.
Equality and inequality constraints of the problem consist of capacity of units (constraint (5)), capacity of existing lines (constraint (6)), capacity of candidate lines (constraint (7)), second Kirchhof's law for existing lines (constraint (8)), second Kirchhof's law for candidate lines (constraint (9)), buslevel load balance (constraint (10)), and the reference bus constraint ((constraint (11)).
Product of variables in second Kirchhof's law for candidate lines (constraint (9)) makes the problem nonlinear. This makes the optimisation problem hard to solve. This nonlinearity can be avoided by using an equivalent disjunctive form proposed in [10] . As expressed in (12), the capacity constraint for candidate lines is now replaced by two linear inequalities using a large enough M .
When a candidate circuit binary variable is set to zero, no flow will go through the line and if it is set to one, the flow will obey the second Kirchhoff's law equation.
The model developed above is a mixed-integer linear programming problem.
We use this formulation for cooperative approach where all TSOs cooperative and merge to one entity looking for the highest overall social welfare.
In the non-cooperative approach, each TSO decides about his own candidate lines and maximizes his own social welfare. We assume that the dispatch formulation is the same for all involved TSOs. This concept is illustrated in Figure 1 . Each TSO maximises his own social welfare (which can be considered as the social cost minimization) taking into account the strategic reactions of other TSOs. The objective function of each TSO z is set put in (13)-(16). The constraints are set out in (17)-(19).
The strategic reaction between different TSO's can be formulated as a Nash equilibrium problem. In game theory, the Nash equilibrium is the set of strategy choices in a noncooperative game involving two or more players, in which each player knows the strategies of the other players, and when players choose their strategies, no player can benefit by changing his or her strategy while the other players keep theirs unchanged [11] .
Suppose (x 1 , ..., x m ) is the decision vector of m players with the feasible set of X and f i (x i ) is the objective function of the ith player. It is assumed that the players (the TSOs) seek to minimize their objective functions (i.e., to minimize their cost).
All the players are from the same level and they must reveal their strategies simultaneously. So, the solution is the Nash equilibrium which is defined as the array (x * 1 , ..., x * m ) which satisfies
We will not go through the mathematical modeling of this problem and we solve the non-cooperative transmission planning with force enumeration approach in this paper. It means that we assess all options for transmission planning and get the payoffs for each TSO in each combination of candidate units.
III. SIMULATION RESULTS
To compare the two cooperative and non-cooperative approaches for transmission expansion planning in the context of multiple TSOs, a network consisting of 3 TSOs is considered as depicted in Figure 3 . Nodes 1 to 3 are located in TSO1 area, Nodes 4 to 6 are located in TSO2 area, and Nodes 7 to 9 are located in TSO3 area. Also, the link between node 2 and node 4 (u 1 ) is located in TSO1, link between node 2 and node 9 (u 3 ) in TSO3s area, and the link between node 3 and node 6 (u 2 ) in TSO2s area. The transmission line data is given in Table I. Each TSO is modelled based on the designed system in [12] . The existing lines are drawn with solid lines while the three candidate lines are presented with the dashed lines. The data for this system are set out in Table I to Table IV . Interest rate is assumed to be 5%. The CPLEX solver in GAMS is used to solve the optimization problem. Table V and VI present the social cost under each combination of new lines and for each TSO (three candidate lines result in eight different combinations for future investments). In Table V , u 3 equals to 0 and it is equal to 1 in Table VI. Note that in non-cooperative approach, each TSO can decide about the candidate line in his area of responsibility. For example, if decision variable of TSO1 equals to (0) 1, it means that TSO1 decides (not) to invest in the line between nodes 2 and 4. The results of these two approaches are presented in Table IV .
The optimum solution of cooperative approach is a new line between TSO1 and TSO2 with a total cost of 1.4394×10$.
On the other hand, the Nash equilibrium of the noncooperative approach is "not to invest". The Nash solution of "not to invest" is the equilibrium point between all three TSOs. At this equilibrium, no TSO can benefit by moving unilaterally while the other players stay at their equilibrium solution. As you can see in Table VII , total social cost of the whole area in Nash equilibrium point is higher than the social cost of the whole area in cooperative approach. The difference between these two approaches can be explained as follows: In cooperative approach, the investment cost of the new line between TSO1 and TSO2 is being compensated with the reduction of load curtailment in TSO2 and the benefit of this investment is mainly for TSO2 while the owner and investor of this new line is TSO1. The result of non-cooperative approach shows that TSO1 has no incentive to invest in this line. It should be noted that welfare loss for TSO1 in the cooperative approach compare to non-cooperative approach is smaller than the welfare gain of TSO2.
A compensating mechanism in favor of TSO1 can make the result of non-cooperative approach the same as cooperative approach result. Note that extra generation capacity of TSO3 can find a flow to TSO2 load buses through the line between TSO1 and TSO2. This means that the free riding effect should also be considered in designing the compensation mechanism.
IV. CONCLUSION
Transmission expansion planning in the context of multiple TSOs can be approached using cooperative or non-cooperative approaches. In cooperative approach, several TSOs cooperate in transmission planning with the aim to maximize overall social welfare but non-cooperative approach represents a game played by different TSOs deciding on investments in their area of responsibility at the first level and take part in a same market at the second level. This paper emphasized on the difference between cooperative and non-cooperative transmission planning approaches and also the importance of designing correct compensation mechanisms for TSOs to move toward cooperative solution. This is illustrated in this paper using three interconnected TSOs. The mathematical formulation developed in this paper is based on the MIP format and the model was effectively solved using a commercial MIP solver. The simulation results reveal that the outcome of two approaches can be different and non-cooperative TSOs may not reach to the best overall social welfare scheme. However, an appropriate compensation mechanism could be implemented to make equilibrium point of the game the same as the result of cooperative approache. In this way, TSOs shall receive compensation for hosting cross-border flows of electricity on their networks. Moreover, given that most of the transmission costs are recovered from load, compensations cause incentives for new line investment on the hosting TSO that generates and exports power to another TSO. For this to be realised, it's important that regulatory bodies provide necessary frameworks for the TSOs to operate in. 
